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S1. Isobaric mixing across temperature discontinuity at the cloud bottom 2
In section 2 we discussed convective inhibition due to the mass loading effect: As the troposphere cools, 3 the density just above cloud base first decreases due to the unloading of high-mass molecules by 4 precipitation, creating a stable interface with the fluid just below cloud base. Further cooling reverses this 5 trend, and the stable layer disappears. The question arises, would mixing across the interface hasten the 6 disappearance, thereby destroying the convective inhibition? Because linear mixing between two points 7 on a convex saturation curve produces an over-saturated parcel, the conserved quantities of the mixing 8 process are the total mass and the moist enthalpy 1 defined by: 9 (S1.1) where is the saturation water mixing ratio at temperature . We let and be the fractions of 10 upper-and lower-layer fluid in the final mixture, respectively. Since f is unknown, we consider the full 11 range from to The temperature of the mixture ( is solved by the equation: 12
where is the temperature above the interface; is the temperature below the interface; is the 13 temperature of the mixture. As described in section 2, the density variable that determines the stability is 14 the virtual temperature. Let the subscript stands for virtual temperature. If , the mixture is 15 stable with respect to the air beneath it. If , the mixture is stable with respect to the air above it. 16 Therefore, the mixture is totally stable if: 17 (S1.3)
We have considered the mass loading of extra liquid water in the mixture. The temperature T 2 below the 18 interface does not change, but varies from the warm adiabat (332 K) to the cold adiabat (325 K). We 19 display the value of and in Fig. S1 . 20
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At the start of the radiative cooling phase, we find that the mixture is always less dense than the fluid 21 below the interface and more dense than the fluid above it, meaning that the interface is stable. However 22 near the end of the cooling phase the mixture is less dense than the fluid above, and the interface is 23 unstable. Depending on the value of f, which is unknown, this could hasten the onset of convection and 24 decrease the time between giant storms by up to 25%. Given the other uncertainties, such as the water 25 vapor mixing ratio at depth, the 25% decrease has no significant effect on the model results. 26 27
S2. More details about the numerical model 28
The axisymmetric primitive equations in log-pressure coordinates are: 29 In the section of radiative cooling phase in the manuscript, we presented our scheme for calculating the 58 multi-decadal cooling phase, where the troposphere loses heat from the top. An interface develops 59 between the convecting layers above and the undisturbed layers below. We described the interface 60 moving down through our numerical grid as a two-step process.
Step 1 (entrainment step) occurs when 61 the interface is neutrally stable and moves down a level, entraining all the fluid in the grid box below. 62
Step 2 (cooling step) occurs over a period of time and involves lowering the temperature of the fluid 63 above until the interface is neutral again. Here we describe this process in greater detail. 64
65
The numerical results calculated by the above scheme at every other grid box are displayed as a time 66 series in Fig. S3 . At each time, the left panel (a) shows virtual potential temperature, whose vertical 67 gradient determines whether the column is stable or unstable to convection. The middle panel (b) shows 68 potential temperature, which gives the contribution of temperature alone to the stability of the column. profile follows a transition from the warm adiabat to the cold adiabat. In pressure levels deeper than 6 77 bars, potential temperature decreases with depth and contributes to the stability of the column, but then it 78 overshoots and creates a potential temperature minimum at the cloud base. However, this negative 79 potential temperature lapse rate is stable because it is compensated by the increase of the mean molecular 80 weight to deep pressure levels. Therefore, the lapse rate of virtual potential temperature in panel (a) is still 81 positive, and the profile is stable. 82
83
The lower boundaries of layers 1, 2, and 3 described in the main text are shown as blue, red, and black 84 triangles, respectively. To visualize the process, it is helpful to click through the entire time series from 85 Year = 0.3 to Year = 74.0. The four layer structure described in the section of radiative cooling phase in 86 the manuscript is best represented at Year = 2.0. Layer 1 is directly subject to radiative cooling at the top. 87
It experience condensation of ammonia and water. Its temperature profile is moist adiabat and the mixing 88 ratio of the constituent is either the saturated value or a constant. Layer 1 is supported by the dry 89 convecting layer 2 below it. Layer 2 has two roles. First, because it is unsaturated, any precipitation in 90 layer 1 will re-evaporate in layer 2. Layer 2 serves as reservoir that holds the extra moisture in layer 1. 91
Column integrated moisture in layers 1 and 2 is conserved. Second, the lower boundary of layer 2 (the 92 interface) separates the convective layers (layers 1 and 2) from the non-convective layers (layer 3) by a 93 jump in temperature and mixing ratios. In the numerical model, the jump is a discontinuity, but in the 94 figure it appears as a steep gradient. Below Layer 2 is layer 3 where the atmosphere is stably stratified and 95 does not convect to mix the minor constituents. Since layer 3 is not disturbed by convection, its 96 temperature and mixing ratio profiles are set by the previous geostrophic adjustment. Layer 3 transits into 97 layer 4 at about 20 bars. Layer 4 is the deep interior, which is a dry adiabat with the minor constituents 98 well mixed. It is somewhat arbitrary to define the precise level of the boundary between layer 3 and layer 99
As stated in the main manuscript, the vertical potential temperature profile (shaded region in Fig. S3 after 102 year 9) evolves to lower values than the cold adiabat (left dotted line in Fig. S3a ) around year 9, as shown 103 in Fig. S3 . However the interface (red triangle) remains stable relative to the cold adiabat. This is because 104 the troposphere is cooling from the top down, with an initial profile that is unsaturated and stable (thick 105 solid line in step #1 of Fig. S3 ). After year 9, the profile is to the left of the cold adiabat in the upper 106
troposphere, but it crosses to the right in the dry adiabatic layer (between the blue and red triangles), 107 making the interface stable. 108
109
Here we present the actual numerical implementation of the above scheme. Suppose the atmospheric 110 column is divided into n discrete cells centered at pressure, , from top to bottom. The 111 profile of temperature and mixing ratios are where w represents "water" and a represents 112 , then all quantities above that level 120 are determined by , at pressure . This is because layer 2 is dry adiabatic with constant 121 mixing ratios and layer 1 is moist adiabatic with saturation mixing ratios. One simply follows the dry 122 adiabat up to cloud base-the lifting condensation level for each gas-and then follows the moist adiabat 123 from that point on. This gives , so one can calculate , . 124
125
Let the initial profile of temperature and mixing ratios to be . We proceed 126 from one entrainment step to the next, during which time the interface moves down from pressure 127 to pressure . We assume the preceding entrainment step ended with a stable interface at pressure 128 , as indicated by the dashed line in Fig. S3 . In other words, the virtual temperature above the 129 interface was greater than that below the interface: 130 , when the cooling step ends, are 135 solved using Newton's iteration method to satisfy equations (S4.5) and (S4.6). After we solved for these 136 quantities, we can go for the vertical profiles of by following a dry adiabat and 137 then moist adiabat. The column-integrated enthalpy per unit area is bookkept as using equation (S4.4) . If the virtual temperature above this new interface is smaller than the virtual temperature below it, the 146 interface is unstable. Then the interface moves one cell further down and the entrainment step repeats 147 until a stable interface is found or the interface reaches the deep interior. 148 149
S5. Discussion about the 6 occurrence of giant storms in the northern hemisphere 150
We feel that the occurrence in the northern summer could be a statistical fluke complicated by the 151 difficulty of using discrete statistics on hard-to-define phenomena in a turbulent fluid. Sanchez-Lavega 3 152 defines a Great White Spot as "a kind of rarely-observed disturbance that rapidly grows and expands 153 zonally from a single outburst site, and whose visual appearance is that of a complex pattern of bright 154 white clouds confined to a large latitude band that breaks with the usual banded telescopic aspect of the 155 The lifetime of the 2010-2011 storm was ~200 days. The fact that we are dealing with real phenomena in 160 a turbulent fluid adds uncertainty to statistical inferences. Even if we were dealing with six coin flips, the 161 probability of their all coming out the same is 1/32. Since one of the great storms was at a latitude of 2 ± 162 3°N, the number of coins should probably be reduced to five, for which the probability of their all falling 163 in one hemisphere is 1/16. What seems more likely to us is a preference for the sunlit hemisphere, with a 164 statistical fluke favoring the north. A preference for the sunlit hemisphere and for the extrema of the zonal 165 jets might have a physical basis, but we leave that for another paper. 166 167
S6. Discussion about radiative heat transfer near the cloud base 168
Guillot 4 points out that the giant planets might not be fully convective-that at some levels the radiative 169 opacity is small enough that the internal heat flux could be carried by radiation. For Saturn, they show 170 that a radiative zone could develop in the layer from 300 K < T < 450 K, which spans cloud base 171 according to our Fig. 2 . Then the cooling shown in Figs. 5 and S3 might not occur, and the atmosphere 172 above cloud base might reach a steady state, with 4.5 W m -2 coming in at the bottom and 4.5 W m -2 going 173 out at the top. The interface at cloud base, stabilized by the molecular weight gradient, would never cool 174 enough to initiate a giant storm. In this situation, one should remember that atmospheric temperature 175 profile has CAPE, which means it has the potential to convect when the stable interface is broken by other 176 mechanism such as the re-evaporation of condensates from above 5 . 177 178 However, the existence of a radiative zone is uncertain. It vanishes if water clouds are present around this 179 level, as shown in Fig. 6 of Guillot. If it vanishes, then giant storms can occur. If radiation delivers more 180 than zero but less than the 4.5 W m -2 needed to maintain steady state, then the layers above will still cool 181 but at a slower rate. This lengthens the interval between giant storms, but it does not prevent them. 182
Despite the uncertainty, we shall assume that the time between giant storms is set by the time it takes the 183 atmosphere to cool from the warm adiabat to the cold one, as illustrated in Fig. 2 2448-2462 (1989) . Step # 22: Year = 74.0
